. These findings suggest that heteromeric channels assemble efficiently, and that preferentially formed with a stoichiometry of two GluR1 and two GluR2 subunits, and with identical subinclusion of a single GluR2 R subunit is sufficient to reduce calcium permeability (Geiger et al., 1995; Washunits positioned on opposite sides of the channel pore. This structure will predominate if GluR1 binds to GluR2 burn et al., 1997). However, interpretation of these results requires simplifying assumptions about the subunit more rapidly during receptor assembly than other subunit combinations. The practical outcome of selective assembly process. It remains unclear whether subunits combine randomly, or whether specific mechanisms exheteromeric assembly is a more homogenous receptor population in vivo.
ing, was used as a second marker. The amount of inward rectification was monitored to assess the percentage of subunits were cotransfected into HEK cells at a DNA ratio of 7:1, and recordings were obtained from outsidereceptors that expressed the marker phenotype. Typical results are shown for coexpression of homomeric subout patches using a fast application system . The response to a saturating pulse of glutaunits 2 Q and 2 R at a ratio of 1:1 ( Figure 1C, inset) , and for coexpression of the heteromeric subunits 1 Q and 2 R mate was measured in the absence and presence of cyclothiazide. As expected, the inclusion of nondesensiat a ratio of 1:1 ( Figure 1D , inset). The current amplitude was measured at Ϫ30 mV and ϩ30 mV with 50 M tizing receptor subunits (12.5%) led to a small nondesensitizing component of the response ( Figure 1A, inset) . spermine in the recording pipette and cyclothiazide in the extracellular solution. The ratio of outward current However, when heteromeric 1 Q and 2 Q (L-Y) subunits were cotransfected at the same 7:1 ratio, the nondesento inward current (nonrectification index) was used to quantify the fraction of receptors expressing the marker sitizing component was much larger ( Figure 1A ) at all subunit ratios. The difference in marker phenotype expression was greatest when the both marker phenotypes are expressed much more readily by heteromers than by homomers. There are two fraction of marked subunits was Ͻ0.5. Thus, nondesensitizing heteromeric AMPA receptors assemble more alternative explanations. It is possible that both homomeric and heteromeric receptors assemble randomly, readily than nondesensitizing homomeric receptors. This could be due to a difference in subunit assembly, but more of the heteromeric subunit configurations express the marker phenotype ( Figures 1E and 1F ). This or in the pattern of phenotype dominance. To investigate Figure 1G ). units are located on opposite sides of the channel pore Consistent with this hypothesis, the pattern of hetero-(specific point symmetry); and in Model 3 when three meric phenotype expression is very similar for both or more marked subunits are present. The situation is markers ( Figures 1B and 1D ). To rigorously distinguish simpler for selective assembly ( Figure 2B (Figure 2A ). Note that 2 R ϩ 2 Q (marker) (Figures 2C-2E ). two subclasses of 2:2 heterodimers exist based on the The assumptions underlying the phenotype expresgeometric configuration of the subunits within the resion models are well supported by an extensive series ceptor. One subclass has "specific point symmetry" of control experiments. We confirmed that subunit ex-(identical subunits located on opposite sides of the pression is linearly related to the amount of cDNA used channel pore, Figure 2Ad ), and the other subclass is in the transfection using two independent approaches "polar" (identical subunits are side by side, Figure 2Ac 
data, and the reproducibility within and between many
Model 2B ( Figure 3C ). In contrast, the heteromeric data independent data sets ( Figures 3 and 4) , provide further (right hand panels) were not adequately described by confirmation that the assumptions are reasonable and any of the random assembly models. The selective asthe parameter estimates are accurate.
sembly Model 4 provides a better description of heteromeric phenotype expression for both the Q→R and L→Y markers ( Figures 3B and 3D) . The nondesensitization Selective Assembly of Heteromeric AMPA Receptors marker results were confirmed using additional subunit The predictions of the phenotype expression models combinations. In every case, the phenotype expression were compared with the expression data obtained with data for homomeric receptors was best described by a many different subunit combinations (Figures 3 and 4) . random assembly model ( Figures 4A and 4C ) and for Several clear and reproducible results emerged. As exheteromeric receptors by a selective assembly model pected, the homomeric data (lefthand panels) were ac-( Figures 4B and 4D) . We can therefore reject the hypothcurately described by a random assembly model in evesis that heteromeric receptors assemble randomly (Figery case. The phenotype expression data for the ure 1F, Model 1). Taken together, the data show that nondesensitization marker was best described by Model 2A (Figure 3A) , and for the nonrectification marker by heteromeric subunits selectively assemble into a config- . All channels have the ration is favored. To determine the actual subunit configsame conductance for these two subunit combinations, uration of heteromeric AMPA receptors, we need to unwhich simplifies the assumptions underlying the phenoderstand how the spatial arrangement of marked type expression models. The data were best described subunits is related to channel phenotype.
by Model 2A (Figure 3A) , which implies that channels with two marked subunits on opposite sides of the channel pore (symmetric heterodimers) are desensitizing, but Spatial Arrangement of Subunits Controls channels with marked subunits positioned side by side Channel Properties (polar heterodimers) are nondesensitizing. Thus, both Analyzing the phenotype expression pattern of homothe stoichiometry and spatial arrangement of the submeric subunits is relatively straightforward because we units influence channel properties. The goodness-of-fit can be confident that they assemble randomly. We for the various models was assessed using the 2 statiscoexpressed homomeric 2 Q ϩ 2 Q (L-Y) and plotted the nondesensitization index as a function of marked DNA tic (see insert). The data were accurately described by Model 2A, while all other models could be rejected (p Ͻ type expression models are more widely separated because of the relatively low conductance of 1 R and 2 R 0.05). As an independent test, we coexpressed 1 Q ϩ 1 R (L-Y) and 2 Q ϩ 2 R (L-Y). The predictions of the phenohomomers. Again, the data were accurately described by Model 2A, while all other models could be rejected tentiated by cyclothiazide (13% Ϯ 3%, n ϭ 12). Model 2C predicts cyclothiazide potentiation of 20%, similar (p Ͻ 0.05, Figure 4A ).
We next tested whether nonrectification followed a to the observed potentiation. This finding is consistent with the idea that polar homodimeric receptors desensisimilar pattern of phenotype dominance. We coexpressed 2 Q ϩ 2 R and plotted the nonrectification index tize ( Figure 5B ), and would therefore be potentiated by cyclothiazide. as a function of marked subunit fraction ( Figure 3C ). Essentially identical results were obtained when their In summary, our data suggest that AMPA receptors are structured as a pair of dimers, and that both the nondesensitizing analogs on either GluR1 or GluR2 subunits were coexpressed. The results strongly favor stoichiometry and the spatial organization of marked subunits within a channel determines its phenotype. Model 2B, which implies that channels with two marked subunits arranged side by side are rectifying, but chanThis information can now be used to determine the preferred subunit configuration of heteromeric AMPA renels with two marked subunits located on opposite sides of the channel pore conduct linearly. The goodness-ofceptors. fit for the various models was assessed using the Figure 5C ), so this option can be ruled Model 2B). Consequently, the response at ϩ30 mV out. Thus, by process of elimination, heteromeric AMPA should desensitize strongly resulting in a very small receptor subunits must preferentially assemble in a symsteady-state current. In fact, the steady-state response metric heterodimer configuration. was large (about 50% of the response at Ϫ30 mV) and did not exhibit any desensitization ( Figure 5A ). To exDiscussion plain this unexpected result, we had to abandon Model 2B and develop another phenotype expression model.
In this study, we have investigated how the subunit We assumed that AMPA receptors are structured as a composition of AMPA receptors influences channel gatpair of dimers, and nondesensitizing receptors must ing. By utilizing two independent marker mutations, we have at least one L→Y marker in both dimers (Model obtained surprisingly detailed insights into receptor 2C, Figure 5B ). This model is based on the idea that structure and function. The first major finding was that desensitization is only blocked when a mutant tyrosine the spatial arrangement of subunits determines the deresidue is present at the dimer interface in both dimers. sensitization and rectification properties of the receptor/ Model 2C predicts that symmetric heterodimers will not channel. For homomeric receptors, interactions within desensitize, and the steady-state current at positive pothe dimerized extracellular domain control the desensititentials will be approximately half the steady-state curzation process, while linear conductance requires two rent at negative potentials, consistent with the data (Fig- arginine-containing subunits positioned on opposite sides ure 5A). The ratio of steady-state current at positive and of the channel pore. The information derived from homonegative potentials was plotted against the fraction of meric receptors was used to investigate the assembly L→Y mutant cDNA, and the results were compared with of heteromeric subunits. The second major finding was the model predictions ( Figure 5C ). The results strongly that for GluR1/GluR2 heteromers, the distribution of favor Model 2C, and support the hypothesis that AMPA subunit assemblies was not random, but strongly fareceptor subunits are assembled as a pair of dimers vored a stoichiometry of two GluR1 and two GluR2 sub-(Armstrong and Gouaux, 2000). units in a symmetric arrangement. To crosscheck these findings, we also tested a cotransfection of 2 R with 2 Q (L-Y). At a 1:1 DNA ratio, the outward current at ϩ30 mV did not desensitize, and was not Heteromeric Receptor Assembly Mechanism The phenotype expression model for heteromeric AMPA potentiated by 100 M cyclothiazide (0.98 Ϯ 0.02, n ϭ 12), consistent with Model 2C, but not Model 2A (results receptors, Model 4, provides no insight into the physical mechanisms that might produce selective assembly. We not shown). Thus, 1:3 heteromers and 2 R homomers, which should be nonrectifying and desensitizing, must propose two hypothetical mechanisms that could explain the selective assembly of symmetric heterodimers. have very low conductances. This result provides support for the conductance parameters used in the phenoThe first hypothesis is that steric hindrance or interface mismatch in the tetrameric receptor structure may detype expression models. In addition, the steady-state amplitude of the response at Ϫ30 mV was weakly postabilize asymmetric subunit assemblies. Destabiliza- highly homogenous receptor population.
We tested homomeric 1 Q and 2 Q channels, and heteromeric channels produced by cotransfection of 1 Q ϩ 2 Q/R at a ratio of 1:1 ( Figure  6A) Figure 6E ). Signals were background subtracted. and GluR expression examined in Western blots using GluR1-and GluR2-specific antibodies ( Figure 6D ). Densitometric analysis revealed that subunit expression correlated well with the amount of Electrophysiology DNA used in the transfection ( Figure 6E ). This method does not Outside-out membrane patches were excised from HEK293 cell distinguish between GluR subunits located at the surface membrane expressing wild-type and mutant receptors, and from primary culand those located within intracellular compartments. However, the tured mouse hippocampal neurons. Patches were positioned in front detection of an approximately constant number of channels from of a fast perfusion system consisting of a theta tube flow pipe patch to patch, independent of GluR subunit type (Figure 6C) 
